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Hyperthermia promotes degradation of the acute
promyelocytic leukemia driver oncoprotein ZBTB16/RAR«
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The acute promyelocytic leukemia (APL) driver ZBTB16/RARa is generated by the t(11;17) (923;921) chromosomal translocation,
which is resistant to combined treatment of all-trans retinoic acid (ATRA) and arsenic trioxide (ATO) or conventional chemotherapy,
resulting in extremely low survival rates. In the current study, we investigated the effects of hyperthermia on the oncogenic fusion
ZBTB16/RARa protein to explore a potential therapeutic approach for this variant APL. We showed that Z/R fusion protein expressed
in HelLa cells was resistant to ATO, ATRA, and conventional chemotherapeutic agents. However, mild hyperthermia (42 °C) rapidly
destabilized the ZBTB16/RARa fusion protein expressed in Hela, 293T, and OCI-AML3 cells, followed by robust ubiquitination and
proteasomal degradation. In contrast, hyperthermia did not affect the normal (i.e., unfused) ZBTB16 and RARa proteins, suggesting
a specific thermal sensitivity of the ZBTB16/RARa fusion protein. Importantly, we found that the destabilization of ZBTB16/RARa was
the initial step for oncogenic fusion protein degradation by hyperthermia, which could be blocked by deletion of nuclear receptor
corepressor (NCoR) binding sites or knockdown of NCoRs. Furthermore, SIAH2 was identified as the E3 ligase participating in
hyperthermia-induced ubiquitination of ZBTB16/RARa. In short, these results demonstrate that hyperthermia could effectively
destabilize and subsequently degrade the ZBTB16/RARa fusion protein in an NCoR-dependent manner, suggesting a thermal-based
therapeutic strategy that may improve the outcome in refractory ZBTB16/RARa-driven APL patients in the clinic.
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INTRODUCTION

Hematological malignancies are mainly due to perturbed func-
tions of transcription factors, which arise from chromosomal
translocations, loss- or gain-of-function mutations, or deregulated
expression [1-3]. According to the French—American-British
classification system, acute promyelocytic leukemia (APL) belongs
to the M3 subtype of acute myeloid leukemia (AML) [4]. Of note,
APL has become a highly curable disease due to the introduction
of all-trans retinoic acid (ATRA) and arsenic trioxide (ATO) into
frontline treatment, with the five-year survival rate reaching up to
~95% [4, 5]. Generally, APL is caused by the t(15;17) (g24; g21)
chromosomal translocation, which results in the expression of the
PML/RARa fusion gene and protein, eventually leading to the
overproduction of immature promyelocytes in the bone marrow
[5, 6]. However, ~2% of APL cases are attributed to the occurrence
of the ZBTB16 (zinc finger and BTB domain containing 16,
previously named PLZF)-RARa fusion protein, which is generated
from the t(11;17)(q23;921) translocation [7]. ZBTB16/RARa
fusion proteins, as dominant-negative forms of either RARa or

ZBTB16, display leukemogenic activity by disrupting the normal
functions of ZBTB16 and RARa, such as RAR/RXR-mediated
signaling, DNA binding activity, hematopoiesis, and p53 protein
destabilization [8-11].

ATO has been adopted as the first-line drug for the treatment of
classical APL, which can directly target the PML part of the
PML/RARa fusion protein, induce protein destabilization (i.e.,
transfer from RIPA soluble supernatant into the insoluble pellet
fraction), and enhance SUMOylation and ubiquitination of the
fusion protein, ultimately resulting in degradation of the fusion
protein through the proteasome pathway [12]. However, ATRA is
able to dissociate nuclear receptor corepressors (NCoR1/SMRT)
from the PML/RARa and histone deacetylase complexes to
reactivate the transcription of repressed genes, leading to terminal
differentiation of immature leukemic promyelocytes into normal
mature granulocytes [13]. However, ZBTB16/RARa-driven APL
patients showed intrinsic resistance to standard treatment of
ATRA with ATO or chemotherapy [9, 11, 14]. Mechanistically, ATO
is unable to induce ZBTB16/RARa fusion protein destabilization,
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degradation, or APL cell differentiation in vitro, which might be
due to the absence of PML [12, 13, 15]. Notably, the NCoR
(including NCoR1 and SMRT) complex binds to only the ligand
binding domain (LBD) in the RARa part of the PML/RARa fusion
protein, while it can bind to both the POZ and LBD domains in the
ZBTB16 and RARa parts of the ZBTB16/RARa fusion protein,
respectively [16]. Although ATRA can dissociate NCoR1/SMRT
corepressors from the RARa part through competitive binding
with the LBD domain, it is ineffective in dissociating the
corepressors from the POZ domain within the ZBTB16 part
[9, 17], which could explain why ZBTB16/RARa-associated APL is
resistant to ATRA. In addition, ZBTB16/RARa-driven APL showed a
limited response to chemotherapeutic drugs for AML, such as
cytarabine and anthracycline or idarubicin [18]. A higher incidence
of refractory/relapsed cases (30%) and relapse rate of 45%-80%
were reported in ZBTB16/RARa patients [19, 20]. Therefore, the
development of new treatment approaches or drugs for ZBTB16/
RARa-driven APL patients is urgently needed.

Oncogenic fusion proteins are well-defined drivers in many
leukemias, thus, targeting and destroying oncogenic fusion
proteins are considered to be a promising strategy for hemato-
logical malignancies [9, 16, 21, 22]. For instance, ATO cures APL
mainly by targeting and destabilizing the PML/RARa fusion
protein. Since there are also emerging cases of ATO resistance,
novel therapeutic strategies are in progress for these cases
[23, 24]. Recently, we reported hyperthermia as a novel strategy
that exerts potential therapeutic effects against PML/RARa
(including ATO-resistant mutants)-driven APL [25]. Hyperthermia
could selectively destabilize wild-type and drug-resistant mutants
of the PML/RARa fusion protein, in which NCoRs are essential for
PML/RARa aggregation, nuclear matrix targeting, and subsequent
degradation [25, 26]. Moreover, clinical data further proved that
hyperthermia has superior effects on refractory central nervous
system-relapsed APL patients [25]. Similar to the PML/RARa fusion
protein, ZBTB16/RARa also has a strong binding affinity to NCoRs;
therefore, we assumed that hyperthermia may influence the
stability of the ZBTB16/RARa protein and eventually induce its
degradation.

To prove the above notion, we attempted to determine the
effects of hyperthermia on oncogenic ZBTB16/RARa fusion protein
stability. We found that the ZBTB16/RARa oncogenic fusion
protein can be destabilized by hyperthermia at 42°C, and this
process is irreversible. Subsequently, ZBTB16/RARa was robustly
ubiquitinated and further degraded by the proteasome. However,
no appreciable effects were observed on either unfused ZBTB16 or
RARa protein following hyperthermia. Moreover, we found that
NCoRs play an important role in the destabilization of the ZBTB16/
RARa fusion protein by hyperthermia. Taken together, our results
provide a prospective hyperthermia-based therapeutic strategy
for refractory ZBTB16/RARa-driven APL.

MATERIALS AND METHODS

Reagents

All reagents used were of chemical grade. Sodium arsenite (iAs"),
ATRA, MG132 and cycloheximide (CHX) were purchased from
Sigma, St. Louis, MO, USA. Stock solutions of arsenic (10 mmol/L),
ATRA (1T mmol/L), CHX (20 mmol/L), and MG132 (10 mmol/L) were
prepared and stored at —20 °C. Dilutions were made according to
standard protocols on a daily basis prior to use.

Cell culture

Hela and 293T cells were purchased from the Cell Bank of the
Chinese Academy of Sciences. OCI-AML3 cell lines were purchased
from Zhejiang Meisen Cell Technology Co., Ltd. All cell lines were
authenticated using DNA fingerprinting to assess cross-
contamination during the study and tested for Mycoplasma
contamination once a year. HeLa and 293T cells were cultured
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and maintained in DMEM (Gibco, 12800-082), while OCI-AML3 cell
lines were cultured and maintained in RPMI-1640 medium (Gibco,
12800-017). All the culture media were supplemented with 10%
fetal bovine serum (Gibco, 10270-106), 100 U/mL penicillin, and
100 pg/mL streptomycin. Cells were kept at 37°C in a 5% CO,
atmosphere.

Plasmid construction and protein expression

The ZBTB16 protein and ZBTB16/RARa fusion gene were
synthesized and inserted into the PCMV-Tag2B expression vector
by Tsingke Biotechnology Co. Ltd., China. PCMV-Tag2B-PML,
PCMV-Tag2B-PML/RARa, and PCMV-HA-Ub were constructed
previously [25]. PCMV-Tag2B-ZBTB16/RARa-based functional
domain deletion mutants, including ADBD, ALBD, APOZ, A(POZ +
LBD) and all point mutations, were generated by homologous
recombination using a ClonExpress Il One Step Cloning Kit (C112-
02, Vanzyme, China) according to the manufacturer’s instructions.
The mutants were confirmed by sequencing prior to transfection
experiments. The primer sequences for Z/R mutants are listed in
Supplementary Table S1. Transfection was carried out using
Lipofectamine 3000 (L3000-008, Invitrogen, Carlsbad, USA)
according to the manufacturer’s instructions. After transfection
for 24-36 h, the cells were treated as indicated and then subjected
to various analyses.

Gene silencing

Gene silencing was conducted by transfection of siRNAs using
Lipofectamine 3000 (L3000-008, Invitrogen) according to the
manufacturer’s instructions. Thirty-six hours after transfection, the
cells were treated as indicated and subjected to various analyses.
The target sequences for SMRT, NCoR1 and SIAH2 siRNAs are as
follows: NCoR1#1, 5'-CTATCAGCCAGAGGTTGTTAA-3"; NCoR1#2, 5'-
GCCATCAAACACAATGTCAAA-3'; SMRT#1, 5'-GCAGCGCATCAAGTT
CATCAA-3"; SMRT#2, 5-GCAGTGTAAGAACTTCTACTT-3'; SIAH2#1,
5'-CCATGATGTGACTTTCGTAAA-3"; SIAH2#2, 5'-ACACAGCCATAG
CACATCTTT-3".

Antibodies

The following primary antibodies were used for immunoblotting,
immunoprecipitation, and immunofluorescence: anti-Flag (F1804,
Sigma), anti-PRAP (sc-98819, Santa Cruz Biotechnology, CA), anti-
NCoR1 (5948, Cell Signaling Technology [CST], Danvers, MA, USA),
anti-SMRT (62370, CST), anti-SIAH2 (A17423, Abclonal, Wuhan,
China), anti-HSF1 (AF1570, Beyotime, Shanghai, China), anti-HA
(AF0039, Beyotime), anti-Ub (AF1705, Beyotime), anti-B-actin
(AC026, Abclonal), and anti-GAPDH (60004, Proteintech,
Chicago, IL). The HRP-tagged secondary antibodies used for
immunoblotting were as follows: anti-mouse (A0216, Beyotime)
and anti-rabbit (A0208, Beyotime). DyLight 488 and the anti-
mouse secondary antibody used for immunofluorescence were
purchased from Abbkine, Wuhan, China (A23210).

Protein extraction and Western blot analysis

Protein extractions for different research purposes were carried
out according to the methods described previously [25]. (1) For
protein stability analysis, the cells were lysed in RIPA lysis buffer
(50 mmol/L Tris, 150 mmol/L NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, pH 7.5, 0.2 mmol/L PMSF, and a complete
mini protease inhibitor tablet). Samples were incubated on ice for
15 min with vortexing at 5-min intervals and centrifuged for
30min at 4°C and 13,000 rpm to obtain the soluble fraction
(supernatant, S) and insoluble fraction (pellet, P). The insoluble
fraction (pellet, P) was further washed twice with PBS and lysed in
SDS lysis buffer (1XTBS, 10% glycerol, 0.015% EDTA, 50 mmol/L
DTT, and 2% SDS). Both S and P fractions were prepared for
Western blot analysis. (2) For total protein extraction, cells were
lysed in RIPA buffer with 8 M urea to solubilize detergent-insoluble
pellets and incubated on ice for 15min with vortexing at 5 min
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intervals. Cell lysate was centrifuged at 4°C and 13,000 rpm for
30 min, and then, the supernatant was obtained for Western blot
analysis. (3) For immunoprecipitation (IP), cells were suspended in
IP buffer (50 mmol/L Tris-HCl pH 7.5, 10% glycerol, 150 mmol/L
NaCl, 2mmol/L EDTA, 0.5% NP-40, and 1 mmol/L PMSF plus
protease inhibitors). Sonication was used to break cells apart at
15% amplitude for 70 pulses, where each pulse consisted of 2 s of
sonication followed by a 3-s rest period. After centrifugation, the
supernatant was used for IP analysis. Protein concentrations were
measured using the BCA Protein Quantification Kit (20201ES76,
Yeasen Biotech, Shanghai, China). Each protein sample (25 pg) was
boiled at 95°C for 10 min, resolved by SDS-PAGE, and blotted
onto PVDF membranes. The membranes were blocked with fat-
free milk and incubated overnight with different primary
antibodies at 4°C, followed by incubation with HRP-labeled
secondary antibodies for 1h at room temperature. Then, the
protein bands were visualized by enhanced chemiluminescence
(E412-01, Vanzyme).

Immunoprecipitation assay

Immunoprecipitation was performed according to an estab-
lished protocol as previously published [25]. Cells were seeded
in 10-cm culture dishes and transfected with 12 ug of each
indicated plasmid. Twenty-four to thirty-six hours after transfec-
tion, the cells were treated as indicated, scraped down, and
collected in ice-cold PBS. Then, the cells were lysed on ice by
sonication in IP buffer (50 mmol/L Tris-HCl pH 7.5, 10% glycerol,
150 mmol/L NaCl, 2 mmol/L EDTA, 0.5% NP-40, and 1 mmol/L
PMSF plus protease inhibitors). Immunoprecipitation experi-
ments were performed using primary antibodies and protein
A/G PLUS-Agarose (sc-2003, Santa Cruz Biotechnology, CA)
according to the manufacturer’s instructions.

Immunofluorescence microscopy

Hela cells were grown in culture plates or wells containing glass
disks following transfection and recommended treatments. The
glass disks were transferred onto slides and washed twice with
PBS. After fixation with 4% paraformaldehyde, the cells were
permeabilized with 0.1% Triton X-100. Slides were blocked with
2% BSA in PBS, followed by incubation with primary antibodies
overnight at 4 °C. The next day, slides were washed thrice with PBS
and incubated with fluorescent-labeled secondary antibodies at
room temperature for 4 h and washed thrice with PBS. Slides were
mounted using DAPI Fluoromount-G (0100-20, SouthernBiotech)
and stored in the dark at 4°C. The fluorescent signals were
visualized under a Zeiss (Gottingen, Germany) 510 confocal
microscope.

Fluorescence recovery after photobleaching (FRAP)

Hela cells overexpressing GFP-ZBTB16/RARa were subjected to
hyperthermia at 42 °C for 1 h before the assay. FRAP assays were
carried out on a Nikon A1R confocal microscope in a live-cell
imaging chamber. Droplets were bleached with a 488-nm laser
pulse (60% intensity, 1s). Recovery was recorded every 5s for a
total of 180 s after bleaching. Analysis of the recovery curves was
carried out with FlJI/Image) software.

RESULTS

The normal ZBTB16 protein contains three major functional
domains, while the RARa protein consists of six modular domains,
as shown in Fig. 1a. Owing to chromosomal translocation, the
N-terminus of ZBTB16 (amino acids 1-455) is fused with
the C-terminus of RARa (amino acids 62-462) to generate the
ZBTB16/RARa (Z/R) fusion protein (Fig. 1a). We transiently
transfected Hela cells with normal ZBTB16 and Z/R fusion
plasmids and found that ZBTB16 and Z/R fusion proteins were
completely diffused in the nucleus (Fig. Sla, b), which were
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different from the morphology of PML and PML/RARa proteins
(Fig. S1¢, d).

ATO directly binds to cysteine residues in the zinc finger motifs
of the PML portion, resulting in destabilization of PML/RARa
proteins (e.g., a soluble protein shift to an insoluble protein)
(Fig. 1b) and subsequent degradation by the proteasome [12].
Given that the Z/R fusion protein also contains cysteine-rich zinc
finger motifs (Fig. 1a), we investigated whether ATO could
destabilize the Z/R fusion protein. The results showed that ATO
had no effect on the stability and degradation of the Z/R protein
(Fig. 1c), which is consistent with previous reports [13]. Likewise,
ATRA effectively degraded the PML/RARa protein (Fig. 1d), but it
had a moderate effect on the Z/R protein (Fig. 1e), confirming that
ATO and ATRA are less likely to degrade the Z/R fusion protein,
which might be the main reason for clinical failure. Furthermore,
chemotherapeutic agents such as cytarabine, azacitidine, veneto-
clax, and vincristine failed to affect Z/R protein stability
(Fig. S2a-d). These findings demonstrate, at least in part, the
resistance of Z/R-driven APL to chemotherapy.

Recently, we reported that hyperthermia could effectively
induce destabilization and degradation of the PML/RARa
oncogenic fusion protein as well as ATO- and ATRA-resistant
mutants in an NCoR-dependent manner [25]. Since Z/R is also an
NCoR-interacting fusion protein, we hypothesize that hyperther-
mia might have a comparable effect on the Z/R fusion protein.
To test this hypothesis, we subjected Hela, 293T and OCI-AML3
cells that exogenously expressed the Z/R fusion protein to
hyperthermia. The results showed that the Z/R fusion protein
was robustly destabilized (i.e., shifted from the RIPA soluble
supernatant to the insoluble pellet) by mild hyperthermia in a
time- and/or temperature-dependent manner (Fig. 2a-c and
Fig. S3a-c). As a positive control for heat stress, phosphorylated
heat shock transcription factor 1 (pHSF1) was also significantly
increased under the same conditions (Fig. 2a—c and Fig. S3-c).
Notably, hyperthermia could induce the transfer of Z/R fusion
protein from RIPA soluble into insoluble fraction in the short
term, while the total Z/R fusion protein level remained
unchanged at the same time, indicating that hyperthermia
rapidly destabilizes but does not degrade Z/R protein (Fig. S3d,
e). Interestingly, hyperthermia had a negligible influence on
normal ZBTB16 and RARa proteins (Fig. S4a, b), suggesting that
hyperthermia selectively targets oncogenic proteins rather than
normal proteins.

However, hyperthermia did not affect the morphological
features of the Z/R oncoprotein, but it significantly reduced its
protein mobility (Fig. 2d, e), which is probably associated with Z/R
protein solubility changes. In addition, hyperthermia was able to
significantly shorten the half-life of the Z/R protein (Fig. 2f),
implying that hyperthermia accelerates the degradation of Z/R
oncogenic proteins. However, cleavage of PRAP-1 and caspase-3
was not observed under these treatment conditions (Fig. 29g),
indicating that hyperthermia-induced Z/R protein stability
changes and degradation are not caused by apoptosis.

Of note, nuclear receptor corepressors (NCoRs) could bind to
the Z/R fusion protein through the POZ domain in the ZBTB16 part
and the LBD domain in the RARa part. To validate whether NcoRs
participate in hyperthermia-induced Z/R destabilization, we
constructed several functional domain deletion truncation
mutants (Fig. 3a). Deletion of the POZ domain or LBD domain
alone (but not the DBD domain) resulted in partial resistance to
hyperthermia (Fig. 3b, c), while dual deletion of POZ and LBD led
to complete resistance (Fig. 3d). We further observed that
hyperthermia promoted the interaction between NCoR1/SMRT
and Z/R through the POZ and LBD domains, which verified the
important role of NCoR1/SMRT in this process (Fig. 3e).

It has been reported that ATRA can disassociate NCoRs from the
LBD domain but not the POZ domain of the Z/R fusion protein.
When cells were pretreated with ATRA, destabilization of the Z/R
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Effect of ATO and ATRA on the stability and degradation of the PML/RARa and ZBTB16/RARa fusion proteins. Schematic

representation of the ZBTB16, RARa, and oncogenic ZBTB16/RARa (Z/R) fusion proteins with functional domains and breakpoints (a).
PML/RARa- and Z/R-transfected Hela cells were exposed to ATO (0.5, 1 uM) for 6 and 12 h (b and ¢) or ATRA (1, 2 uM) for 6 and 12 h (d and e).
Protein expression in soluble (S) and pellet (P) fractions of RIPA lysate was analyzed by Western blotting with anti-Flag and anti-B-actin

monoclonal antibodies.

fusion protein by hyperthermia was partially impeded (Fig. 3f), and
the mutant Z/R protein lacking the POZ domain showed complete
resistance to hyperthermia (Fig. 3g). Furthermore, we simulta-
neously overexpressed Z/R and knocked down NCoR1/SMRT in
Hela cells and found that depletion of NCoR1/SMRT significantly
alleviated hyperthermia-mediated Z/R destabilization (Fig. 3h and
Fig. S5a). Taken together, these data suggest that the interaction
with  NCoR1/SMRT is essential for hyperthermia-induced Z/R
protein destabilization.

For determination of whether destabilization of the Z/R fusion
protein by hyperthermia is reversible, heat-treated cells were
recovered at 37°C. We found that the insoluble Z/R fusion
protein was significantly decreased, accompanied by reappear-
ance of Z/R in the soluble fraction following recovery from heat
(Fig. 4a, compare lane 3 with 2). Then, the protein synthesis
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inhibitor CHX was used to exclude the influence of the newly
synthesized Z/R fusion protein. Following treatment with CHX
combined with hyperthermia, the Z/R fusion protein was unable
to reappear in the soluble fraction (S) after recovery at 37 °C and
gradually degraded in the pellet (Fig. 4a, compare lane 5 with 4;
Fig. 4b), suggesting that destabilization of the Z/R protein is
irreversible.

The ubiquitin—proteasome system and the autophagy-lysosome
pathway are the two major routes for protein clearance in
eukaryotic cells. To determine which route is involved in
hyperthermia-induced insoluble Z/R protein degradation, we used
the proteasome inhibitor MG132 and lysosome inhibitor chlor-
oquine (CQ). Interestingly, degradation of the Z/R protein
mediated by hyperthermia was completely inhibited by MG132
but barely affected by CQ (Fig. 4c; compare lanes 5 and 4 with 3),
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Fig. 2 Effect of hyperthermia on destabilization of the ZBTB16/RARa fusion protein. Exogenous Z/R fusion protein-expressing Hela cells
were exposed to hyperthermia in a temperature-dependent (a) and time-dependent manner (b and c). The changes in the Z/R fusion protein
in the supernatant (S) and pellet fractions (P) of RIPA lysate were determined by Western blotting. Phosphorylated HSF1 (pHSF1) protein was
used as a positive control for the heat shock response. Morphological changes in the Z/R oncoprotein with or without hyperthermia were
determined by confocal microscopy (d). The scale bar is 5 um. Dynamic changes in the Z/R protein by hyperthermia were determined by FRAP
(e). The normal and hyperthermia-treated cells were exposed to 10 pg/mL CHX for the indicated time intervals. Then, the Z/R protein levels
were analyzed by Western blotting (left panel) and quantified by ImageJ (right panel) (f). The apoptosis-associated proteins PRAP and
Caspase-3 were measured by Western blotting (g). HT indicates hyperthermia.

implying that the Z/R fusion protein is predominantly degraded
through the proteasome pathway.

Since the conjugation of polyubiquitin (or SUMO) chains is a major
signal for proteasome-mediated degradation, we further assessed
hyperthermia-induced modifications of the Z/R fusion protein.
Hyperthermia markedly enhanced both exogenous (Fig. 4d, e) and
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endogenous (Fig. 4f) ubiquitination of the Z/R fusion protein, while no
SUMOylation was found (Fig. S5b). A previous study indicated that
three lysine residues, K242, K387, and K396, in ZBTB16 are the major
ubiquitination sites [27, 28]. We found that single or double mutations
slightly attenuated Z/R ubiquitination (Fig. S5¢, d), while mutation of
three lysine residues (e.g., K242R, K387R, and K396R) completely
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Fig. 3 The NCoR1/SMRT interaction is responsible for hyperthermia-mediated ZBTB16/RARa fusion protein destabilization. Hela cells
were transiently transfected with four different truncated Z/R plasmids, including single deletion of POZ, LBD, DBD, or double deletion of POZ
and LBD (a), and then subjected to hyperthermia. Stability changes of Z/R and its mutants were determined by Western blots (b, ¢, d). The
interaction of NCoR1/SMRT with Z/R and its mutants was analyzed by an immunoprecipitation (IP) assay using an anti-Flag antibody (e). Wild-
type (f) and POZ domain-truncated (g) Z/R-overexpressing Hela cells were pretreated with ATRA (2 uM) for 4h and then subjected to
hyperthermia at 42 °C for 1 h. Z/R proteins in soluble (S) and pellet (P) fractions of RIPA lysate were determined by Western blots. Effect of the
corepressor NCoR1 and SMRT knockdown by siRNA on hyperthermia-induced stability changes of Z/R (h). si-NT, nontargeting siRNA; si-N/S,
si-NCoR1, and si-SMRT. HT indicates hyperthermia.
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blocked Z/R ubiquitination by hyperthermia (Fig. 4g), indicating
that hyperthermia mainly ubiquitinated the Z/R protein at these
three lysine residues. However, the three lysine residue-mutated Z/R
could still be destabilized by hyperthermia (Fig. S5e). Additionally, the
dual POZ and LBD deletion or NCoR1/SMRT knockdown that
impeded the destabilization of Z/R prevented ubiquitination after
hyperthermia (Fig. 4h, i). These results suggest that destabilization is a

SPRINGER NATURE

prerequisite for ubiquitination and proteasomal degradation of Z/R
by hyperthermia.

SIAH2, known as an E3 ubiquitin ligase for NCoR1, plays a crucial
role in hyperthermia-mediated ubiquitination of the PML/RARa
oncoprotein [25]. We reasoned that SIAH2 might also be involved
in hyperthermia-mediated Z/R protein ubiquitination. Indeed,
knocking down SIAH2 significantly decreased the ubiquitination of
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Fig.4 Hyperthermia promotes ubiquitination and proteasomal degradation of the ZBTB16/RARa fusion protein. Z/R-overexpressing HelLa
cells were pretreated with or without 10 ug/ml cycloheximide (CHX) for 1 h, followed by exposure to hyperthermia at 42 °C for 1 h. Afterward,
the cells were allowed to recover at 37 °C for 12 h in the presence or absence of CHX (a). Likewise, cells were also recovered at 37 °C in the
presence of CHX in a time-dependent manner (b). The abovementioned cells were recovered at 37 °C in the presence of MG132 (10 uM) or CQ
(20 uM) to determine the pathway of hyperthermia-induced insoluble Z/R protein (i.e., in pellet) degradation (c). Z/R protein changes in the
supernatants (S) and pellet fractions (P) were assessed by Western blot with an anti-Flag antibody. Additionally, ubiquitination of the Z/R
protein by hyperthermia was assessed. HelLa cells cotransfected with HA-Ub and Flag-Z/R were exposed to hyperthermia. Ubiquitination of
Z/R was analyzed by immunoprecipitation (IP) with anti-Flag (d) and anti-HA (e) antibodies. Wild-type (f), three lysine residue mutants (e.g.,
ubiquitin-binding sites; K242R, K387R, K396R) (g), POZ and LBD domain-deleted Flag-Z/R (h) were transfected into HelLa cells. NCoR1/SMRT (i)
and SIAH2 (j) were silenced in the Z/R-overexpressing Hela cells by siRNAs. These transfected Hela cells were subjected to hyperthermia at
42 °C for 1 h, followed by immunoprecipitation with an anti-Flag antibody. The ubiquitination changes were analyzed by Western blots. si-NT,

nontargeting siRNA; HT indicates hyperthermia.

<

e, L
(&2 X & )

ZBTB16/RARa

JJL Hyperthermia

Ubiquitin
*‘ Proteasome

APOZ

@ ATRA

Degradation

g

——>» Unaffected

APOZ+ALBD

-------- Disruption of ZBTB16/RARa-NCoR interaction -------

Fig. 5 Schematic diagram of the mechanisms by which hyperthermia degrades the ZBTB16/RARa fusion protein. Upon hyperthermia
treatment, the Z/R fusion protein was destabilized in an NCoR-dependent manner and then ubiquitinated, eventually being degraded via the

proteasome pathway.

the Z/R protein (Fig. 4j and Fig. S5f). In addition, we investigated
the involvement of Hsp70 and Hsp90 in this process. Inhibition of
either Hsp70 or Hsp90 activity by their corresponding specific
inhibitors failed to prevent both destabilization and ubiquitination
of the Z/R fusion protein by hyperthermia (Fig. S6a—c), suggesting
that SIAH2 but not Hsp70 and Hsp90 was important for
hyperthermia-induced ubiquitination of the Z/R fusion protein.

Thus, we illustrated the mechanism of Z/R protein degradation
by hyperthermia through the following steps: hyperthermia
induces Z/R fusion protein destabilization in an NCoR1/SMRT-
dependent manner and then promotes the ubiquitination of
destabilized fusion proteins through the E3 ligase SIAH2, finally
leading to fusion protein degradation via the proteasome
pathway (Fig. 5).

DISCUSSION

Generally, oncogenic fusion proteins are well-defined drivers in
many leukemias [16, 21, 22, 29-31]. Among them, more than 95%
of APL cases are driven by chromosomal translocation between
chromosomes 15 and 17 t(15;17)(q24;921), which results in the
generation of PML/RARa oncogenic fusion proteins [4, 32]. The
development of ATRA and ATO dramatically improves the survival
of patients with APL, making the deadly disease curable (complete
remission rate of nearly 95%) [4, 12, 33]. Of note, subgroups of
acute leukemia caused by RARa-related variant translocations
have also been found clinically, and the morphologic, biologic,
and clinical features of these variants are similar to those of classic
APL [9, 16, 34]. For instance, these rearrangement partners of
RARa include ZBTB16, NUMA1, NPM1, and STAT5B [34-37].
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Among these variant fusions, ZBTB16/RARa (Z/R) is the most
common (~2% of APL cases) and displays extreme resistance to
the ATRA and ATO combination regimen [9, 38]. Although
chemotherapy has shown a positive effect on certain Z/R-driven
APL, it could not significantly improve the prognosis of patients. In
addition, although modern drugs, such as tyrosine kinase
inhibitors, chimeric antigen receptor T-cell therapy, and mono-
clonal antibodies, have dramatically changed the treatment
landscape and overall survival in patients with AML [25, 39-41],
there are no such drugs available for Z/R-driven APL. Thus, the
discovery of new drugs or therapeutic strategies is urgently
needed to improve outcomes in patients with Z/R-driven APL.

Here, we confirmed that the Z/R fusion protein was completely
resistant to ATO and slightly responsive to ATRA, quite different
from PML/RARa that can be effectively targeted and degraded by
both drugs. We previously demonstrated that the arsenic
derivative phenylarsine oxide is able to degrade the Z/R protein,
which was found to be dependent on apoptosis [14].

Hyperthermia for cancer treatment was first introduced by
William Coley by using bacterial infection to induce fever, but it
was not widely adopted due to its unrevealed mechanism.
However, fever has inspired the development of a strategy
involving the use of heat in cancer treatment to some extent [42].
Currently, hyperthermia is either administered independently or,
more often, in combination with radiotherapy or chemotherapy
for management of solid tumor or other conditions and has
shown satisfactory outcomes [25, 43, 44].

Very recently, we revealed for the first time that hyperthermia
has superior therapeutic effects on relapsed and refractory APL
patients by selectively destabilizing PML/RARa fusion proteins
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(including all drug-resistant mutations) in an NCoRs-dependent
manner [25]. Given that Z/R is comparable to PML/RARa with
respect to strong binding to NCoR1/SMRT corepressors, we
speculated that Z/R can be destabilized by hyperthermia as well.
Strikingly, hyperthermia robustly destabilized the Z/R protein
within a very short time (0.5-1h) without compromising cell
viability, suggesting that the Z/R fusion protein is indeed
susceptible to hyperthermia. In contrast to PML/RARa, hyperther-
mia could not induce apparent aggregation in the Z/R fusion
protein, implying that destabilization of the Z/R protein is not
tightly associated with aggregation.

The Z/R fusion protein could interact with NCoR1/SMRT
corepressors through the POZ and LBD domains in the ZBTB16
and RARa parts, respectively. We further found that deletion of
either the POZ or LBD partially inhibited fusion protein destabiliza-
tion by hyperthermia, while protein destabilization was completely
blocked by simultaneous deletion of these two domains. Likewise,
hyperthermia promoted the NCoR1/SMRT and Z/R interaction, and
knocking down endogenous NCoR1/SMRT completely blocked Z/R
fusion protein destabilization. These results confirm that
hyperthermia-mediated Z/R destabilization is dependent on the
interaction of NCoR1/SMRT with the POZ and LBD domains of Z/R.
In addition, protein destabilization by hyperthermia led to a
decrease in Z/R mobility, and this process was found to be
irreversible. Interestingly, knockdown of NCoRs that impeded
hyperthermia-induced Z/R destabilization and prevented further
ubiquitination, while mutation of three lysine residues that
completely blocked ubiquitination could still be destabilized by
hyperthermia, suggesting that the process of destabilization
occurred prior to ubiquitination. Moreover, SIAH2 was identified
as an E3 ligase for hyperthermia-mediated ubiquitination. Heat
shock proteins, including HSF1, Hsp70, and Hsp90, can be rapidly
upregulated by heat stress stimulation, which assists in the refolding
of misfolded proteins or aids in the elimination of damaged proteins
[45, 46]. However, neither Hsp70 nor Hsp90 protein participated in
heat-induced Z/R destabilization and ubiquitination.

Based on our results, the effects of hyperthermia on the Z/R
fusion protein are carried out in several steps: the 1st step is rapid
destabilization (protein solubility shift), the 2nd step is Ub
modification, and the final step is proteasomal degradation.
Although the current study is based on in vitro observations, these
findings strongly imply that Z/R’s thermal instability represents a
biophysical vulnerability and that by exploiting this, a
hyperthermia-based therapeutic method could be developed to
cope with Z/R-driven APL.
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